The emergence of multidrug-resistant (MDR) and extended-spectrum b-lactamase (ESBL)-producing Klebsiella pneumoniae poses a serious antibiotic management problem as resistance genes are easily transferred from one organism to another. Fifty-one strains of K. pneumoniae isolated from sporadic cases in various hospitals throughout Malaysia were analysed by antimicrobial susceptibility testing, PCR detection of ESBL-encoding genes and DNA fingerprinting. Although 27 of the 51 K. pneumoniae strains were MDR (i.e. resistant to three or more classes of antibiotics), the majority of the strains (98 %) were sensitive to imipenem. PCR detection using ESBL gene-specific primers showed that 46 of the K. pneumoniae strains harboured bla SHV , 19 harboured bla CTX-M , 5 harboured bla OXA-1 and 4 harboured bla TEM-1 . Class 1 integron-encoded intI1 integrase was detected in 21 of the 51 K. pneumoniae strains and amplification of the integron 59CS region showed the presence of several known antibiotic resistance gene cassettes of various sizes. Results of conjugation and transformation experiments indicated that some of the ESBL-encoding genes (i.e. bla SHV , bla CTX-M and bla TEM-1 ) were transmissible and were likely plasmid-encoded. DNA fingerprinting using PFGE and PCR-based methods indicated that the 51 K. pneumoniae strains were genetically diverse and heterogeneous.
INTRODUCTION
Klebsiella pneumoniae is an important bacterial pathogen associated with community and nosocomial infections especially in immunocompromised patients (Podschun & Ullmann, 1998) . K. pneumoniae strains have the potential to cause severe morbidity and mortality, particularly in intensive care units and paediatric and surgical wards (BenHamouda et al., 2003) .
The emergence of extended-spectrum b-lactamase (ESBL) producers along with multidrug-resistant (MDR) isolates poses a serious problem in the hospital setting. Since the first report of ESBL-producing Klebsiella in 1983 from a patient in Germany, several outbreaks caused by this pathogen have been reported worldwide (Bradford, 2001; Ben-Hamouda et al., 2003; Jarlier et al., 1988; Livermore et al., 2007; Romero et al., 2007) .
The widespread use of antibiotics coupled with the transmissibility of resistance determinants mediated by plasmids, transposons and gene cassettes in integrons are factors that contribute to the increase in antibiotic resistance in bacterial pathogens (Kang et al., 2005) . In Malaysia, Palasubramaniam et al. (2005) reported an association of ESBL SHV-5 K. pneumoniae with a nosocomial outbreak in a paediatric oncology unit in a Malaysian public hospital.
Rapid and discriminative subtyping methods are useful for determining the clonality of the strains in nosocomial outbreaks. Several methods are available for K. pneumoniae subtyping and these include biotyping, serotyping, arbitrarily primed PCR, ribotyping and PFGE (Ben-Hamouda et al., 2003; Cartelle et al., 2004; Singh et al., 2006) .
The objectives of this study were to determine the antimicrobial resistance profiles of K. pneumoniae strains isolated from various hospitals in Malaysia and to study their genetic diversity using PFGE as well as the PCR-based fingerprinting methods random amplification of polymorphic DNA (RAPD), repetitive-sequence-based (REP-PCR) and enterobacterial repetitive intergenic consensus PCR (ERIC-PCR). The presence of several ESBL-encoding genes and integrons was also determined by PCR and their transmissibility was examined by conjugation and transformation experiments.
METHODS
Bacterial strains. The bacterial strains selected in this study were 51 non-repeat K. pneumoniae strains from 51 different patients obtained from five public hospitals located in Peninsular Malaysia in the year 2004. The participating hospitals included Kota Bharu Hospital (n525), Ipoh Hospital (n53), Kuala Lumpur Hospital (n51), Tuanku Ampuan Rahimah Hospital (n52) and Sultanah Aminah Hospital (n520). The strains were cultured from tracheal aspirates (n521), urine (n52), sputum (n51), catheter tips (n52), blood (n51), pus (n51) and swab samples (n53); there were 20 unknown cultures. The 20 unknown cultures were tagged as such because the exact culture sites were not stated by the respective hospitals and should thus be noted as a limitation for this study. The strains were identified by standard biochemical methods by the microbiologists from the respective hospitals.
All strains were cultured in Luria-Bertani broth and stored in cryovials with 50 % glycerol (Invitrogen) at -20 uC and -85 uC. The purity of the strains was checked before commencement of analysis.
Antimicrobial susceptibility testing and screening for ESBLs.
The susceptibilities of the K. pneumoniae strains to 18 antimicrobial agents [ampicillin (10 mg), piperacillin (100 mg), amoxicillin-clavulanic acid (20 mg/10 mg), ceftriaxone (30 mg), ceftazidime (30 mg), cefepime (30 mg), cefoperazone (75 mg), aztreonam (30 mg), imipenem (10 mg), amikacin (30 mg), streptomycin (10 mg), gentamicin (10 mg), kanamycin (30 mg), tetracycline (30 mg), chloramphenicol (30 mg), ciprofloxacin (5 mg), trimethoprim-sulfamethoxazole (75 mg) and nalidixic acid (30 mg) (Oxoid)] were determined by the disc diffusion method in accordance with the Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2006) . All strains were screened for ESBL production using ceftriaxone, ceftazidime and aztreonam discs as recommended by the CLSI (2006). Double-disc synergy tests (DDSTs) were performed according to Jarlier et al. (1988) A boiled suspension of bacterial cells and extracted plasmid DNA were used as DNA templates. Primers for the detection of ESBL-encoding genes (obtained from Operon Biotechnologies) were applied to the DNA template. Amplification was performed in a final volume of 25 ml containing 0.3 mM each primer, 35 mM each dNTP, 1.4 mM MgCl 2 and 0.5 U Taq DNA polymerase (Promega). The cycling parameters used were as previously described (Oliver et al., 2002; Pagani et al., 2003; Pai et al., 2004; Jiang et al., 2006; Giakkoupi et al., 2003; Senda et al., 1996; Machado et al., 2005) (please refer to Supplementary Table S1 in JMM Online for a list of primers and cycling parameters). Primers 1R, 1,8F, 2F, 2R, 8R, 9F and 9R (Ensor et al., 2007) were used for the further subgrouping of the bla CTX-M gene into CTX-M groups 1, 2, 8/ 25 and 9 whereas primers CTX-M1R and CTX-M1F (Conceição et al., 2005) were used to confirm the presence of bla CTX-M-15 by sequencing the resulting 876 bp amplicon. Detection of class 1, 2 and 3 integronencoded integrases and associated gene cassettes was similarly carried out by PCR using established primers and amplification conditions listed in Supplementary Table S1 . Amplified products were sequenced to validate their identity.
E. coli ATCC 352183 and K. pneumoniae ATCC 700603 were used as positive controls for bla TEM and bla SHV . However, no positive controls were available for the detection of bla OXA , bla VEB , bla DHA , bla IMP , bla VIM and bla CTX-M genes as well as for the further subgrouping of the CTX-M group. Therefore, negative results should be treated with caution.
Genotyping by RAPD, REP-PCR, ERIC-PCR and PFGE. RAPD analysis was performed using the primer OPAB11 (Latha et al., 2004) . The amplification reaction was carried out in a 25 ml volume containing 2.5 mM MgCl 2 , 50 mM each deoxynucleoside triphosphate, 0.3 mM of the selected primer, 5 ml crude DNA template and 1.5 U Taq DNA polymerase (Promega). ERIC-and REP-PCR analyses were performed using the ERIC-2 (de Bruijn, 1992) and REP (Navia et al., 1999) primers, respectively. Amplification reactions were carried out in a 25 ml volume containing 2.5 mM MgCl 2 , 50 mM each deoxynucleoside triphosphate, 0.5 mM of the selected primer, 5 ml crude DNA template and 1.0 U Taq DNA polymerase (Promega). Following PCR, 10 ml aliquots of each sample were subjected to electrophoresis on 1.5 % agarose gels.
PFGE was performed according to previously published work (Thong et al., 2007) with minor variations. Briefly, equal volumes of 1 % Seakem Gold agarose (Cambrex Bio Science) and standardized cell suspension (OD 610 51.4) were mixed to form agarose plugs. The bacteria were lysed within the plugs with cell lysis buffer [50 mM Tris, 50 mM EDTA (pH 8.0), 1 % Sarcosine, 1 mg proteinase K ml
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] and incubated at 54 uC for 3 h. The agarose-embedded chromosomal DNA was digested with 10 U XbaI followed by separation on a CHEF-DRIII system (Bio-Rad) in 0.56 Tris-borate-EDTA at 14 uC for 22 h with pulse times of 1-40 s. Gels were photographed under UV light after staining with 0.5 mg ethidium bromide ml 21 .
Analysis of fingerprint profiles. The banding patterns generated by RAPD, ERIC-PCR, REP-PCR and PFGE were analysed with GelCompar II, version 2.5 (Applied Maths), and a cluster analysis based on the unweighted pair group method with arithmetic averages with a position tolerance of 0.15 was carried out. All PCR fingerprints and PFGE profiles were assigned an arbitrary designation and analysed by defining a similarity (Dice) coefficient, F (Thong et al., 2007) . Transfer of resistance genes by conjugation was assayed by mating experiments in Luria-Bertani broth using
, which is resistant to nalidixic acid, as the recipient strain. Transconjugants were selected on Luria-Bertani agar supplemented with ampicillin (100 mg ml 21 ) plus nalidixic acid (100 mg ml 21 ) (Sigma Aldrich).
For transformation experiments, plasmid DNA from the ESBLproducing K. pneumoniae strains obtained using the QIAprep Spin Miniprep kit (Qiagen) were electroporated into streptomycinresistant E. coli DH10B (Invitrogen). Transformants were selected on Luria-Bertani agar plates supplemented with ampicillin (100 mg ml 21 ).
For the estimation of plasmid sizes, plasmid DNA obtained from K. pneumoniae strains and E. coli transconjugant as well as transformants was digested with EcoRI or SphI (Promega). Digested plasmid DNA was separated on a 0.8 % agarose gel in 0.56 Tris-borate-EDTA for 3 h at 70 V. A 1 kb DNA ladder (Promega) and l DNA digested with HindIII (Promega) were used as DNA markers.
RESULTS AND DISCUSSION
Antimicrobial susceptibility
All 51 K. pneumoniae strains tested were sensitive to imipenem, except strain KB10, which showed intermediate resistance to imipenem. The majority (49 of 51, or 96 %) of the strains showed resistance to ampicillin. The resistance rates for the other antibiotics tested using the disc diffusion method are listed in Table 1 . Previously published studies on Malaysian K. pneumoniae isolates (Loh et al., 2007; Parasakthi et al., 2000) did not include some of the antibiotics used in this study such as piperacillin, cefepime, aztreonam, tetracycline, streptomycin, kanamycin, chloramphenicol and nalidixic acid. However, a similar trend of very high and very low resistance rates was observed for ampicillin and imipenem, respectively. This is also in concordance with the latest 2008 Malaysian National Surveillance on Antibiotic Resistance Report (available online at http://www.imr.gov.my/report/nsar.htm), which stated a very low imipenem resistance rate of 0.5 % and a very high ampicillin resistance rate of 98.8 %, which is not surprising as Klebsiella is known to be intrinsically resistant to ampicillin.
The resistance rates for gentamicin, amikacin and amoxicillin-clavulanic acid were, however, lower than those in the earlier studies on K. pneumoniae strains from Malaysia in 1999 (Parasakthi et al., 2000) and 2000 (Loh et al., 2007 . The strains used in this study were isolated from sporadic cases, in contrast to the strains used by Parasakthi et al. (2000) , who investigated only nine outbreak strains isolated from a local University Hospital; all nine strains were reported to be resistant to gentamicin, amikacin and amoxicillin-clavulanic acid. Loh et al. (2007) reported the resistance rates from another public Malaysian hospital but over a 4-year period. They showed that the resistance rate for combined amoxicillin-clavulanic acid and ampicillinsulbactam was 58.4 % whereas the resistance rate for aminoglycosides (combined gentamicin and amikacin) was 42.5 %. These figures are in sharp contrast to the rates of 10 %, 31 % and 12 % obtained for amoxicillin-clavulanic acid, gentamicin and amikacin, respectively, in this study.
The resistance rates of K. pneumoniae to the thirdgeneration cephalosporins ceftazidime and ceftriaxone were lower than those in the study carried out in 1999 (Parasakthi et al., 2000) but were higher than those in the study carried out for the years 2000-2004 (Loh et al., Table 1 . Antimicrobial susceptibility profiles of all 51 K. pneumoniae isolates used in this study The resistance rate of K. pneumoniae strains to ciprofloxacin in Malaysia is still relatively low (12 %) when compared to Thailand, where a rate of 43 % had been reported (Chaikittisuk & Munsrichoom, 2007) . The resistance rates of the Malaysian K. pneumoniae strains to amikacin, chloramphenicol and trimethoprim-sulfamethoxazole were also lower than those of strains isolated from Thailand (resistance rates of 58 %, 45 % and 74 %, respectively; Chaikittisuk & Munsrichoom, 2007) .
Among the 51 K. pneumoniae strains, 27 were MDR (i.e. resistant to three or more classes of antimicrobial agents). The rate of MDR K. pneumoniae strains in Malaysia is relatively low (53 %) when compared to the 94 % MDR rate reported in India (Manchanda et al., 2005) .
Using the DDST, only 12 ESBL-producing strains were detected. However, based on the phenotypic confirmatory test, 24 strains were found to be ESBL producers. The phenotypic confirmatory test was found to be more efficient in determining ESBLs than the DDST. Although the DDST was considered a reliable method for ESBL detection (Tofteland et al., 2007) , it has been known to suffer from the non-standardization of the distance of disc placement for optimal sensitivity leading to variation from one laboratory to another (Bradford, 2001 ). Large discrepancies between the different ESBL detection methods were observed and could partly be due to problems in determining the zone of inhibition, especially for cephalosporins, where strains that were noted as negative nevertheless had zones of inhibition which fell outside the range determined by the CLSI. Tofteland et al. (2007) had previously reported discrepancies between different detection methods where two TEM-128 strains, which had a CTX-M9-like phenotype, were found to score negative using the ceftazidime combined disc method.
PCR detection of ESBL-encoding genes
Using specific primers, PCR was carried out on the genomic and plasmid DNA of the 51 K. pneumoniae strains for the following ESBL-encoding genes: bla TEM , bla SHV , bla OXA , bla CTX-M , bla VEB , bla IMP , bla VIM and bla DHA . The majority of the strains (46 of 51) showed positive amplification for bla SHV . This was followed by bla CTX-M (positive in 19 of 51 strains), bla OXA (5 strains) and bla TEM (4 strains). Palasubramaniam et al. (2005) had previously reported the prevalence of the bla SHV gene in K. pneumoniae strains isolated from a Malaysian hospital.
Thus, bla SHV appeared to be more common among Malaysian K. pneumoniae strains even though bla CTX-M is now reported to be the most prevalent ESBL gene worldwide, replacing TEM and SHV b-lactamases in many European countries .
Sequencing of ten of the bla SHV amplicons identified eight as SHV-11, one as SHV-12 and the remaining amplicon as SHV-1. Sequence analysis of all four bla TEM amplicons identified them as TEM-1 whereas all five bla OXA amplicons were identified as OXA-1. In the case of bla CTX-M , sequences obtained identified 6 of the 19 amplified products as CTX-M-15. It was, however, not possible to group the remaining 13 bla CTX-M amplicons obtained as the primers that were used did not amplify the entire bla CTX-M reading frame. The subsequent use of primers 1R, 1,8F, 2F, 2R, 8R, 9F and 9R (Ensor et al., 2007) to further subgroup the 13 bla CTX-M genes could only indicate that they did not belong to groups 1, 2, 8/25 and 9.
Out of the 46 bla SHV -positive strains, 16 also harboured bla CTX-M and 2 were positive for bla OXA-1 . Two strains, KB16 and KB35, had three ESBL-encoding genes, i.e. bla SHV , bla OXA-1 and bla CTX-M-15 . The presence of multiple ESBL-encoding genes in K. pneumoniae has been reported by Romero et al. (2007) , and Livermore et al. (2007) had indicated that bla CTX-M-15 was genetically linked with bla OXA-1 .
No amplification product was obtained with primers that were specific for the bla VEB , bla IMP and bla DHA genes. The majority of the ESBL-encoding genes were detected from plasmid DNA (i.e. 40 bla SHV , 6 bla CTX-M and 3 bla OXA ), inferring that most of the ESBL genes were plasmid-borne. PCR amplifications with extracted plasmid DNA as template were carried out in parallel with additional 16S rRNA primers to preclude chromosomal DNA contamination.
Using PCR, class 1 integron-encoded intI1 integrases were found in 21 of the 51 K. pneumoniae strains whereas neither class 2 nor class 3 integron-encoded integrases were detected. In 12 of the 21 intI1-positive strains, the gene cassettes aadB (in 7 isolates), aadA2-dhfrhI (in 2 isolates) and aadA2-orfF-dhfrXII (in 3 isolates) were amplified and identified by sequencing, with aadB encoding resistance to gentamicin, kanamycin and tobramycin, aadA2 encoding resistance to streptomycin, and dhfrXII encoding resistance to trimethoprim (Daikos et al., 2007) .
Transfer of resistance determinants
Conjugation experiments were performed for four nalidixic acid-sensitive K. pneumoniae strains with E. coli JM109 as recipient. Plasmid transfer via conjugation with selection for the ESBL phenotype to E. coli JM109 was successful for only one out of four strains. The resulting single E. coli transconjugant showed resistance to aztreonam as well as gentamicin and was confirmed as an ESBL producer using the DDST. PCR of DNA extracted from the E. coli transconjugant showed that bla TEM-1 , bla SHV and intI1 genes were successfully transferred to the transconjugant (Table 2) .
Transformation studies were performed for ten K. pneumoniae strains that harboured plasmids. Plasmid transfer of the ESBL phenotype by electroporation to E. coli DH10B was successful in eight out of the ten strains. All resulting DH10B transformants were resistant to blactam antibiotics (ampicillin and piperacillin). The majority of the transformants (five out of eight) were also resistant to tetracycline and chloramphenicol, indicating that these resistance determinants were likely plasmidencoded and were thus co-transferred ( Table 2) .
Most of the ESBL-encoding genes detected in the parental K. pneumoniae strains were successfully transferred into the recipient E. coli DH10B, except for the bla SHV and bla OXA-1 genes in strain KB35.
Both conjugation and transformation experiments had indicated that some of the ESBL-encoding genes (in particular bla SHV ) were plasmid-encoded and transmissible. The results indicated the high mobility of the ESBLencoding genes in K. pneumoniae in agreement with observations made by Chanawong et al. (2002) .
Preliminary plasmid analysis results indicated that 11 of the K. pneumoniae strains may not harbour any plasmids. Plasmids of sizes ranging from 3 to 310 kb were, however, detected in the other 40 K. pneumoniae strains and efforts are on-going to further characterize these plasmids, in particular those from the MDR strains.
Genotyping by PCR and PFGE
The genetic relatedness of the 51 K. pneumoniae strains was determined by PFGE as well as the PCR-based RAPD, ERIC-PCR and REP-PCR. With RAPD using the OPAB11 primer, the 51 strains were subtyped into 49 unique profiles (F50.30-1.0). Subtyping using ERIC-and REP-PCR resulted in 46 (F50.47-1.0) and 50 (F50.50-1.0) different profiles, respectively. Genomic DNA from 49 K. pneumoniae strains that was digested with XbaI and separated by PFGE resulted in 47 distinct pulsed-field profiles (F50.54-1.0). Two other K. pneumoniae strains, KB42 and KB49, could not be typed by PFGE despite repeated attempts.
Thus, genotyping of the 51 K. pneumoniae clinical strains by ERIC-PCR, RAPD, REP-PCR and PFGE showed that they were genetically diverse and heterogeneous. This was expected as the K. pneumoniae strains in this study were isolated from different places and sources and probably belong to various serotypes. Ben-Hamouda et al. (2003) and Pai et al. (2004) also reported similar heterogeneity among K. pneumoniae clinical strains.
In general, no direct correlation between DNA profiles and antibiotic susceptibility patterns was observed. Strains with identical DNA profiles frequently belonged to different antibiotypes. The Malaysian MDR K. pneumoniae clinical strains studied were genetically very diverse and heterogeneous suggesting that multiple subtypes of the species were involved in infection. Carbapenemase production was not evident in all strains studied. Although bla SHV appeared to be the predominant ESBL-encoding gene detected in Malaysia, bla CTX-M is gaining in importance. This study also showed the potential role of integrons and plasmids in the spread of ESBL-encoding genes and other antibiotic resistance genes in K. pneumoniae.
